The relationships between Rhizobium fredii and the rhizobia that nodulate Galega oflcinalis and Galega orientalis (goat's rue) and recognized species of Rhizobium and Bradyrhizobium were investigated by using deoxyribonucleic acid (DNA)-DNA hybridization, legume nodulation tests, and phage typing. The R. fredii strains formed a distinct DNA homology group which could be divided into two subgroups. The mean levels of relative homology at 65°C of 11 strains of R. fredii with R. fredii reference strains USDA 208 and USDA 191 were 86 and 80%, respectively. These values were significantly higher (Student's t test, P C 0.001) than the mean levels of relative homology with DNAs from other groups of rhizobia. The Gdega-nodulating rhizobia also formed a distinct DNA homology group. The mean levels of relative homology at 65°C of DNAs from 11 strains with DNAs from reference strains gall and galNW3, which effectively nodulate G. oficimh, were 79 and 85%' respectively. These values were also significantly higher (Student's t test, P C 0.001) than the values obtained with DNAs from other groups of rhizobia. These results correlated with cross-inoculation and phage-typing results and indicated that the two groups are genetically distinct. Genomic DNA was used as a probe in a modified colony hybridization autoradiographic procedure for the identification of DNAs from Rltizobium leguminosarum, R. ftedii, and Rhizobium sp. (Galega) in colonies and from nodules.
plant nodulation, and phage typing to compare strains of rhizobia from Galega oficinalis and Galega orientalis with strains of R . leguminosarurn and R . loti and several strains of Bradyrhizobium. These authors concluded that Galega rhizobia did not belong to any of these taxa. R. meliloti was not included in this study, and only one reference strain from Galega orientalis was used to study DNA homologies.
In this paper we describe relationships among additional strains of R. fredii and Galega rhizobia and compare these organisms with each other and with strains representing seven other previously recognized DNA-DNA homology groups. DNA homologies were analyzed in terms of percentages of relative homology at 65 and 80°C, thermal binding indices (TBIs), and the thermal melting points of duplexes formed at 65°C (ATm(el values). Plant nodulation and phagetyping results are also reported. The need for a rapid and accurate recognition method for Rhizobium species prompted trials with a modified colony hybridization procedure (16) in which genomic DNA probes were used.
MATERIALS AND METHODS
Bacterial strains and culture media. The bacterial strains used in this study are listed in Table 1 . The purity of each strain was checked by plating it onto yeast-mannitol agar (34) and brain heart infusion agar (Difco Laboratories, Detroit, Mich.) and by microscopic examination of Gram- stained cells. Stock cultures were maintained on yeastmannitol agar slopes at 4°C and freeze-dried for long-term storage. Mass cultures for the preparation of unlabeled DNA and 32P-labeled DNA were prepared as described by Jarvis VOL. 36, 1986 RHIZOBIUM DNA HOMOLOGIES 551 et al. (17) . The medium used for phage enrichment from soil was yeast-sucrose broth (34), and the medium used for phage plaque assays was Vincent number 2 medium (34). Isolation, purification, and typing of bacteriophage. The methods described by Pate1 (27) were used for isolation, purification, and typing of bacteriophage. Stock cultures of phage contained at least lo9 plaque-forming units per milliliter.
Plant nodulation tests. Legume seeds were scarified, surface sterilized, and germinated on water agar plates. For plants with smaller seeds, the seedlings were transferred to tubes containing Thornton nutrient solution (34) supplemented with 0.6% agar. Larger seeds were sown in jars containing pumice and 1.5 x Hoagland nutrient solution (15).
The seedlings were inoculated at the time of transplanting. All plants were grown in a glasshouse for 8 to 12 weeks and were assessed visually for nodulation and nitrogen-fixing ability. In some experiments, dry-weight measurements of the plant tops were obtained. Each Rhizobium-legume combination was tested with four plants in tubes or three plants in jars, together with six uninoculated controls. DNA extraction and purification. The modified hydroxyapatite-urea method (17) was used for DNA extraction and purification in order to obtain DNA free from polysaccharide contamination. Larger yields of DNA with improved spectral ratios were obtained from strains ATCC 9930, 49A2, NZP 4009, NZP 5462, and USDA 257 when these organisms were lysed by a modification of the method described by Fischer and Lerman (9) for Escherichia coli. The cell pellet was suspended in 50 ml of TE buffer [0.05 M tris(hydroxymethyl)aminomethane, 0.02 M ethylenediaminetetraacetate, pH 8.01 to which Sarkosyl (Sigma Chemical Co., St. Louis, Mo.), protease (type IV; Sigma), and sodium dodecyl sulfate were added to final concentrations of 0.1%, 50 pg/ml, and 1.0%, respectively. This mixture was incubated at 50°C for 12 to 16 h. Ribonuclease free from deoxyribonuclease activity was added to a final concentration of 50 pg/ml, and the solution was incubated at 37°C for 1 h. For strain NZP 5434 lysis was obtained by the usual method (17) after the cell pellet was frozen in liquid air and thawed in water at 50°C 
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1 <2 9o three times. DNA purity was assessed from levels of absorbance at 230, 258, and 280 nm. Ratios of absorbance at 258 nm to absorbance at 230 nm and absorbance at 258 nm to absorbance at 280 nm of more than 1.8 were considered satisfactory. DNA was stored at -70°C.
DNA reassociation. The methods used to obtain values for the relative levels of hybridization at 65 and 80°C in 0.28 M sodium phosphate buffer (pH 6 4 , TBIs, and AT,(el values have been described previously (3, 4, 17). The TBI was calculated by dividing the relative hybridization value at 65°C into the relative hybridization value at 80°C to obtain an index of base sequence homology independent of hybridization temperature. The thermal stability of reassociated duplexes formed at 65°C was determined by allowing the double-stranded DNA to bind to hydroxyapatite and then eluting it by stepwise increases in temperature. The T,(e) was the temperature at which one-half of the DNA which reassociated at 65°C was eluted. The AT,,,, was the difference between the Tm(,) for reassociated homologous DNA and the Tm(e) for reassociated heterologous DNA.
Colony hybridization. Probe DNA was prepared by the hydroxyapatite method (17) and labeled with 32P by the random primer method (20) . The specific activities of the probes ranged from 2.4 x lo7 to 3.0 X lo7 cpm/pg of DNA.
A modification of the Hodgson-Roberts (16) method was used to prepare filter-bound DNA. Bacterial strains were inoculated onto the surface of a nitrocellulose membrane (type BA-85; Schleicher & Schuell GmbH, Dassel, Federal Republic of Germany) that was placed on the surface of a yeast-mannitol agar plate. After growth for 48 h at 28°C the membrane filter was placed colony side up on Whatman 3MM filter paper soaked in lysing buffer (0.5 M NaOH, 1.5 M NaC1) for 5 min, dried, transferred to Whatman 3MM filter paper soaked in fleutralizing buffer [ O S M tris(hydroxymethy1)aminomethane hydrochloride, 1.5 M NaCl, pH 7.51 for 5 min, washed under suction with 90% ethanol, sealed between two sheets of filter paper, and dried under a vacuum at 80°C for 2 h.
The dried membrane was placed in a plastic bag with 30 ml of modified Denhardt solution (20) and preincubated in a water bath at 65°C for 2 h. The probe DNA was boiled for 2 min and cooled in ice. Approximately one-half of the modified Denhardt solution was removed, the probe was added (about 3 x lo5 cpm), and the bag was resealed. The membrane was incubated for 16 to 20 h at 65°C and washed twice in 2x SSC (Ix SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and once in 0.1X SSC at room temperature. Washed membranes were mounted on Whatman 3MM filter paper, covered with plastic film, and used to expose X-ray film (Agfa-Gevaert) backed by a Cronex Lightning-Plus (Du Pont Co., Wilmington, Del.) intensifying screen. The exposure time was 2 to 4 days at -70°C.
RESULTS
Levels of relative DNA homology between R. fredii and other rhizobia. The percentages of relative homology at 65°C between R . fredii strains and other fast-and slow-growing rhizobia are shown in Table 2 . The levels of relative homology at 65°C of 11 strains of R . fredii with DNA from R . fredii USDA 208 ranged from 51 to 92% (mean k standard deviation, 80 2 18%). Other groups of rhizobia showed significantly (Student's t test, P < 0.001) lower levels of homology with USDA 208 (Galega rhizobia, 12 k 5%; R. leguminosarum, 12%; DNA homology group 2 [6] strain NZP 5462,12%; R . meliloti, 24%; R . loti, 8 2 2%; Leucaena rhizobia, 11%). The levels of relative homology with strains of slow-growing rhizobia were 5 2 2% with Bradyrhizobium sp. (Lotus) and 4% with B. japonicum ATCC 10324T (T = type strain).
Three of the R . fredii strains shared less homology with strain USDA 208 than the group as a whole. DNAs from strains USDA 194, USDA 201, and USDA 257 showed levels of relative homology of 52, 51, and 56%, respectively.
At 80°C the mean level of relative homology of DNA from R . fredii strain USDA 208 and DNAs from the R . fredii strains was 73 f 28% (Table 3) When R . fredii USDA 191 was used as a reference strain, the levels of relative homology at 65°C for the 11 R . fredii strains ranged from 66 to 92% (mean k standard deviation, 86 +-10%) ( Table 2 ). The Galega rhizobia had a mean level of relative homology of 28 & 10% (R. leguminosarum, 32%; strain NZP 5462, 22%; R. meliloti, 44%; R . loti, 20 k 5%; Leucaena rhizobia, 24%; Bradyrhizobium sp.
[Lotus], 10%; B. japonicum ATCC 10324T, 21%).
The mean levels of relative homology at 65°C and standard deviations for DNAs from the 11 strains of R. fredii with reference DNAs from R . leguminosarum ATCC 10004T and R. meliloti NZP 4009 were 30 k 7 and 41 k 2%, respectively (Table 2) .
Levels of relative DNA homology between rhizobia from GaZega sp. and other rhizobia. The levels of relative homology at 65°C for DNAs from 11 strains of Gulega rhizobia with reference DNA from Rhizobium sp. (Galega) strain gall ranged from 58 to 106% (mean k standard deviation, 79 k 5%) ( Table 2) . Strain Gall reference DNA exhibited a significantly (Student's t test, P < 0.001) lower degree of homology with other groups of rhizobia. The mean level of relative homology of gall DNA with R . fredii strains was 19 k 10% (R. leguminosarum, 22%; R . meliloti, 8%; R . loti, 10%; homology group 2 strain NZP 5462 , 14%; Leucaena rhizobia, 10%; B . japonicum ATCC 10324T, 2%). One strain of R . fredii, strain USDA 257, exhibited a level of relative homology of 47% with strain gall reference DNA. This was a considerably larger value than the mean for the group. When Rhizobium sp. (Galega) strain galNW3 was used as a source of reference DNA, the levels of relative homology at 65°C With DNAs from other Galega rhizobia ranged from 71 to 98% (mean k standard deviation, 85 -+ 8%) ( Table 2) . DNAs from R . fredii strains had a mean level of relative homology with DNA from galNW3 of 38 k 12% ( R . leguminosarum, 44%; R. meloti, 22%; R . loti, 16 k 2%; strain NZP 5642, 25%), and the mean levels of relative homology with Bradyrhizobium sp. (Lotus) and B. japonicum ATCC 10324T were 11 k 5 and 16%, respectively.
The relationship of the Galega rhizobia to other rhizobia was also studied by performing hybridizations with R . leguminosarum and R . meliloti reference DNAs. The mean levels of relative homology at 65°C and standard deviations for DNAs from 14 strains of Galega rhizobia with reference DNAs from R. leguminosarum ATCC 10004T and R . meliloti NZP 4009 were 26 2 7 and 20 _+ 5%, respectively (Table 2) . By comparison, R . leguminosarum NZP 561 exhibited a level of relative homology of 73% with strain ATCC 10004T, while R . meliloti ATCC 9930T shared 92% homology with strain NZP 4009.
Thermal stabilities of reassociated DNA duplexes. The ATm(,) value (15) was used as an index of the thermal stability of reassociated duplexes formed at 65°C. The ATm(e) values were inversely proportional to the values obtained for relative homology at 65°C and the TBI.
The Tm(e) value for reference DNA from R. fredii USDA 208 hybridized with homologous DNA was 883°C. AT,,,) values for this reference DNA and DNAs from six heterologous R. fredii strains are shown in Table 4 . Four of these AT,(,) values are less than l.O"C, but strains USDA 194 and USDA 201 contained DNAs which gave ATm(e) values of 6.3 and 6.5"C, respectively. Similarly, the Tm(e) value for reference DNA from R . fredii USDA 191 hybridized with homologous DNA was 91.8"C. AT,(e) values were obtained for this reference DNA and DNAs from five heterologous R. fredii strains; four of these had AT,I,, values of 0.5 to 1.3OC, but DNA from strain USDA -257 gave a AT,,,) value of 6.2"C.
When DNA from Rhizobium sp. (Galega) strain gall was hybridized with homologous DNA, the Tm(e) value was 92.0"C. The AT,,,) values for this reference DNA and DNAs from other Galega rhizobia ranged from 0 to 2.7"C (Table 4) . Similarly, the ATm(el values for DNAs from six strains of Galega rhizobia with reference DNA from Rhizobium sp. (Galega) strain galNW3 ranged from 0 to 4.4"C. By comparison, reference DNA from strain galNW3 and DNA from R . loti NZP 2213T had a level of relative homology at 65°C of 19% and a AT,(e) value of 14.0"C.
Much larger AT,(,) values were obtained when R. leguminosarum ATCC 10004T and R . meliloti NZP 4009 were used as reference strains with DNAs from strains of R. 
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RHIZOBIUM DNA HOMOLOGIES 555 and a AT,(,, value of ll.0"C was obtained. Similarly, DNA from three strains of Gafega rhizobia, gall, ga114, and galNW3, had mean ATm(el values with reference DNAs from R . leguminosarum ATCC 10004T and R . melifoti NZP 4009 of 11.5 and 9.7"C, respectively. Plant nodulation. All 11 strains of R . fredii formed ineffective nodules on soybeans Glycine max cv. Matara). B . japonicum ATCC 10324T formed effective nodules on this cultivar. No cross-nodulation was found between R . fredii and four of the five other legume species tested ( Table 3 , but all seven strains of R . fredii tested formed ineffective nodules on Lotus pedunculatus cv. Grasslands Maku.
Eleven strains of Galega rhizobia nodulated Galega 05
Jicinalis, but no cross-nodulation was observed between these rhizobia and legume species representing five other cross-inoculation groups.
Bacteriophage typing. The R . fredii strains were not susceptible to phage +D2, which lyses R . leguminosarum biovar viceae, R . leguminosarum biovar trifolii, and R . leguminosarum biovar phaseoli, phage $2037111, which is specific for R . loti, or phage +RM/l, which is specific for R . meliloti (Table 6) . No phage specific for R . fredii was available.
The Gafega rhizobia also formed a distinct phage-typing group. None of the six strains tested was lysed by phage $D2, $203711, or $RM/l, but all were susceptible to phage +gal 1/R. Phage $gal 1/R did not lyse representative bacteria from the other taxonomic groups of rhizobia.
Identification of rhizobia. The ability of the colony hybridization technique to distinguish between different Rhizobium species and DNA homology groups was investigated by using five labeled DNA probes. Membranes bearing DNAs from seven colonies representing R . leguminosarum , R . meliloti, R . loti, R . fredii, homology group 2 , or Galega rhizobia were hybridized with labeled genomic DNAs from R . fredii USDA 191 and Galega strain gall. Membranes bearing DNAs from 12 colonies representing strains of R. leguminosarum, R . meliloti, R . loti, R . fredii, and the Galega rhizobia were hybridized with labeled DNAs from R . fredii USDA 208, Galega strain 59A2, and R . leguminosarum ATCC 10004T. Following hybridization all membranes were washed with 2 x SSC and then with 0.1 x SSC to increase the stringency of labeling. The 0 . 1~ SSC wash gave improved differentiation between the strains that had a close genetic relationship with the probe and the strains that were more distantly related. Figure 1 shows a typical autoradiogram produced after the hybridized membranes were washed with 0.1 x SSC and exposed to X-ray film for 2 days. Only colonies which contained DNA with a high degree of base sequence similarity to the probe DNA were strongly labeled. The results are summarized in Table 7 . Under the conditions used, strains that were distantly related to the reference strain were labeled weakly or were not labeled.
One membrane carried a mixed colony consisting of strains gall and USDA 208. The DNA from this colony hybridized to both the gall probe and the USDA 208 probe, indicating the ability of this method to distinguish between individual strains in mixed cultures of Rhizobium.
The colony hybridization method was used to determine whether the strains of R . fredii which formed ineffective nodules on Lotus pedunculatus invaded the nodule tissue. Four such nodules were surface sterilized and squashed, and the contents were placed on a nitrocellulose membrane which was subjected to the colony hybridization procedure described above. The membrane was hybridized with reference DNA from R. fredii USDA 208, washed three times with 2~ SSC, and exposed to X-ray film for 4 days. The contents of an effective nitrogen-fixing nodule from R . loti NZP 2037 were used as a control, and this preparation hybridized weakly with the probe. None of the four R . fredii nodule squashes from Lotus pedunculatus hybridized with the probe. This indicated that little or no rhizobial DNA was present within the nodules. a Number of strains that were susceptible to lysis by the bacteriophage/total number of strains tested. Table 7 ).
DISCUSSION
Relationship between R . fredii and other species of Rhizobium and Bradyrhizobium. Results obtained in this study provide evidence that the fast-growing Rhizobium species from soybean, R. fredii (31) , is taxonomically distinct from other known species in the genera Rhizobium and Bradyrhizobium. This conclusion is based on the results of cross-inoculation, phage-typing, and DNA-DNA hybridization experiments.
We found that R. fredii nodulated soybeans (Glycine max) Recently, ribosomal ribonucleic acid-DNA hybridization was used to show a phylogenetic relationship between R . fredii and R. meliloti (18) . The DNA-DNA homologies at 65°C reported here confirm that R . fredii is more closely related to R . meliloti than to other numbers of the genus Rhizobium, but the mean AT,(,) value of 1O.O"C indicates that 15% of the base pairs are mismatched within the heterologous duplexes formed at 65°C between DNAs from R . fredii and R . meliloti. At the stringent temperature of 80°C the levels of relative homology between DNA from R. fredii USDA 208 and DNAs from R. meliloti NZP 4009 and ATCC 9930T were very low ( Table 3 ). These observations confirm DNAs from 11 strains of R. fredii were also hybridized with DNAs from R. fredii reference strains. Eight strains showed high levels of homology at 65 and 80"C, high TBIs, and low AT,(e) values, indicating that these strains all belong to R. fredii chemovar fredii, as outlined by Scholla and Elkan (31). Three strains, USDA 194, USDA 201, and USDA 257 exhibited lower levels of homology with the reference strains, lower TBIs, and correspondingly large values, thus confirming the existence of the subgroup designated R. fredii chemovar siensis by Scholla and Elkan (31).
We concluded that R. f-edii is a phylogenetically distinct species of Rhizobium, as proposed by Scholla et al. (32) . It is probable that an examination of additional strains of fastgrowing tropical rhizobia would reveal further phylogenetically distinct groups in addition to those already recognized.
Relationship between the Galegu rhizobia and other species of Rhizobium and Bradyrhizobium. The results obtained in this study confirm that the rhizobia which nodulate Galega oficinalis and Galega orientalis are taxonomically distinct from other fast-growing species of Rhizobium and from Bradyrhizobium .
Lindstrom et al. (25)
found no cross-nodulation between the Galega rhizobia and strains from the major recognized species of Rhizobium. These authors used 23 species of legumes, including members of the Galegeae subfamily, such as Lupinus, Caragana arborescens, and Robinia pseudoacacia; none of these was nodulated by the Galega rhizobia. The results obtained in this study confirmed that Galega rhizobia could nodulate only Galega oficinalis and none of the other legume species tested. Lindstrom et al. (25) found that Galega rhizobia constitute a distinct phage type, and we confirmed this result by using the same typing phages on additional strains of Galega rhizobia.
Lindstrom et al. (25) found a mean relative DNA homology level at 65°C of 77 k 9% between reference DNA from Rhizobium sp. (Galega) strain HAMBI 540 (= NZP 5563) isolated from Galega orientalis and DNAs from nine strains of Galega rhizobia. A total of 20 strains of R. leguminosarum, R. loti, and Bradyrhizobium had a mean relative homology level at 65°C of 10 2 6% with this reference strain. In the present study reference DNAs obtained from strains which nodulate Galega oficinalis were used; R. meliloti was included, as well as representatives of other known taxonomic groups; the levels of relative DNA homology at 65 and 80°C were measured; and the thermal stabilities of reassociated duplexes formed at 65°C were measured in terms of AT,,,,. Reciprocal measurements were also made in which the reference DNA was obtained from R . leguminosarurn ATCC 10004T or R. meliloti NZP 4009. Our results confirm that there is considerable base sequence divergence between the Galega rhizobia and other known phylogenetic groups in the genera Rhizobium and Bradyrhizobium. This is particularly remarkable in view of the ubiquitous distribution of R. leguminosarurn biovar trifolii in the same environment in New Zealand and suggests that there is little genetic exchange between these two groups of rhizobia.
Identification of Rhizobium strains. Several authors have reported the use of colony hybridization or dot blotting procedures to identify bacterial species (2, 16, 30). Hodgson and Roberts (16) used colony hybridization at a stringency of approximately 20°C below the melting point to distinguish rhizobia from other bacteria and to differentiate between strains of the same Rhizobium species. Nodule occupancy was studied by inoculating filters directly from surfacesterilized nodules, developing colonies on the filters, and probing them in the usual manner.
We found that colony hybridization could be used to differentiate R. fredii, R. leguminosarurn, and Galega rhizobia from other Rhizobium species and that the components of mixed colonies could be identified by probing the membrane with successive reference DNAs. We prepared filters from ineffective nodules produced by R. fredii on Lotus pedunculatus and hybridized them with probe DNA from R. fredii at low stringency. No homology was detected. This suggests that the nodules were formed without bacterial invasion of the root tissue, a phenomenon recently observed in other contexts (5, 8). Under the same conditions DNA from a nodule containing R. loti NZP 2037 hybridized with the R. fredii probe, although only 6% relative homology was observed between R. fredii USDA 208 and R. loti NZP 2037 in quantitative assays at 65°C. We believe that colony hybridization with total genomic DNA probes offers advantages over other methods of identification applied to root nodule bacteria since it is simple to perform and can be both sensitive and specific. The method can be extended to use specific gene sequences as probes when these are identified.
